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(57) ABSTRACT 

A system, a method, and an article of manufacture for 
determining an estimated battery state vector indicative of a 
state of a battery are provided. The method determines a ?rst 
estimated battery state vector indicative of the state of the 
battery at a ?rst predetermined time based on a plurality of 
predicted battery state vectors, a plurality of predicted 
battery output vectors, and a ?rst battery output vector. 



Patent Application Publication May 10, 2007 Sheet 1 0f 9 US 2007/0103120 A1 

2“ LOAD CIRCUIT 



Patent Application Publication May 10, 2007 Sheet 2 0f 9 US 2007/0103120 A1 

I a 60 
COMPUTER OENERATES A BATTERY INPUT VECTOR uk HAVING AT LEAST ONE MEASURED VALUE OF A BATTERY J 

INPUT VARIABLE OBTAINED AT A FIRST PREDEIERMINED TIME 

Y 62 

COMPUTER UENERATES A BATTERY OUTPUT VELT OR yk HAVING AT LEAST ONE MEASURED VALUE OFA BATTERY J 

OUTPUT VARIABLE OBTAINED AT THE FIRST PREDETERMINED TIME 

I 
COMPUTER DETERMLNES AN ESTIMATED AUOMENTEO BATTERY STATE VECTOR , LNOICATIVE OF A STATE UP THE 

BATTERY AT I/LiECONO PREIIEIERMINEO TIME PRIOR TO THE FIRST PREOETERMINEO TIME USING THE EOUATTONZ 

X1?’- 1 =I(Xk-1)T, (EM-TOT, (E Lvk-TDOT 
WHERE, 
2%} CORRESPONOS TO AN ESTIMATED BATTERY STATE VECTOR INOICATIVE OT A STATE OE TILE BATTERY AT THE 

SECOND PREDETERMINED TIME; 

EIWk_1T CORRESPONOS TO AN EXPECTED VALUE OF A BATTERY INPUT NOISE VECTOR AT THE 

SECOND PREOETERMINEO TIME; 

ETVk_1T CORRESPONIIS TO AN EXPECTED VALUE OT A SENSOR NOISE VECTOR AT THE SECOND 

PREDEIERMINED TIME; AND 

T IS THE MATRIX/VECTOR TRANSPOSE OPERATION 
I 

(OMPUTER DETERMLNES AN ESTIMATED AUGMENIED BATTERY STATE vTcToTT (OVARIANCE MATRIX ERR-T 

ASSOLIATED WITH THE ESTIMATED AUGMENTED BATTERY STATE vTcToTT USING TTTT EQUATION 

E%T.T=TTTAGIZ;EI{_1,ZW,EVI 
WHERE, 
EJ161191 CORRESPONDSTO AN ESTIMATED BATTERY STATE vTcToT (OVARIANCE MATRIX ASSOCIATED WITH THE 

ESTIMATED BATTERY STATE VECTOR AT THE SELOND PREDETERMINED TIME; 

2W (ORRESPONDSTOA(OVARLANCEMATRIXASSOUATED WITHABATTERY INPUT NOISEVEUOR; 
EV (ORRESPONDS TOALOVARIANCE MATRIX ASSOUATED WITHASENSOR NOISEVECTOR; AND 
DLAGL T ISA TuTTTTToTT THAT (OMPOSES A BLOLK-DIAGONAL MATRIX FROM ITS INPUT ARGUMENTS 

[b m2 
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(OMPUTER OETERMINES A PLURALITY OF ESTIMATED AUGMENTEO BATTERY STATE VECTORS EACH INOILATIVE 
OF A STATE OF A BATTERY AT THE SEEONO PREOEIERMINED TIME USING THE FOLLOWING EOUATION: 

2%, ;AND EoRREsRoRBsTBTHEEHBEEsRTMRTRTRsRBRRERuoToT x 

Y [ORRESPONOS TO A (ONSTANT VALUE 

I 

I 
EHMRRTER OHERMINESA PEuRMTTT 0E PREBTETEB BATTERY sTRTE vEETuRs X EA(H TRBTERTTVE BE A HATE 

OFA BRTTERT AT THE ETRsT BBEBETERMTREB TTME, UTILIZING THE FOLLOWING EMMTTBR 

XE’; =fIXAILE=MR-T>XIH'LR >k' 1) 
WHERE, 

ii; CORRESPONDS To THE RH MEMBER OF THE PLURALITY MM CORRESPONDS TBABRTTERYTRRBT vEcToRRT THE SECOND BREBETERMTREB TTME; 

Xgfl‘ iEoRREsMTRBs To AN EsTTMRTEB BATTERY sTRTE REETBB EXTRACIED FROM THE RH MEMBER BE THE 

BRBRMTTY Xl‘gj'l’; I 
l-(ORRESPONDS To AN EsTTMRTEB BATTERY INPUT NOISE vEcToR EXTRACIED FROM THE HR MEMBER OF THE 

BEBRRHTY X1111‘; ; AND 
k-l coRREsBoRnsTo THE SECOND PREDETERMINED TTME 

(OMPUTER DETERMINES A PLU RALITY OF PREOICTEO BATTERY OUTPUT VECTORS Yk EALH INDIEATIVE OF 
OUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINEO TIME, UTILIZING THE FOLLOWING EOUATION: 

Yk , EBRREsRBRBs To THE RH MEMBER OFTHE PLURALITY Yk 

X12‘;- l- (ORRESPONOS TO ASINGLE ESTIMATED SENSOR NOISE VELT OR EXTRACT EO FROM THE ith MEMBER OF THE 

PLURALITY Xi]; ;AND 
k(0RRESPONDS T0 THE FIRST PREBETERMTREB TTME 

FIG. 3 
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COMPUTER DETERMINES A PREDICT EO BATTERY STATE VECTOR 5C1; CORRESPONDING TO THE FIRST 
TIME BY CALCULATING A WEIGHTED AVERAGE OF THE PLURALITY OF PREDICT ED BATTERY STATE 
VECTORS UTILIZING THE FOLLOWING EQUATION 

WHERE, _ 

a,(-'”) CORRESPONDS TO A SET 0E CONSTANT VALUES; AND 
p CORRESPONDS TO THE NUMBER OF MEMBERS IN THE PLURALITY Xi’; MINUS ONE 

‘ [76 

COMPUTER DETERMINES A PREDICT ED BATTERY STATE VECTOR COVARIANCE MATRIX UTILIZING THE FOLLOWING EQUATION 

- _ () ,,-,~_ ..-A_ 235k —2ip=0aic kj-xk) Xkj.xk)T 
WHERE a?’ CORRESPONDS TO A SET OF CONSTANT VALUES 

[78 V 

COMPUTER DETERMINES A PREDICT ED BATTERY OUTPUT VECTOR yk INDICATIVE OF OUTPUTS OF 
THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE FOLLOWING EQUATION: 

)Gk: I; ImYR-J 
R, / 8" 

COMPUTER DETERMINES A PREDICT ED BATTERY OUTPUT VECTOR COVARIANCE MATRIX 237k 
UTILIZING THE FOLLOWING EQUATION: 

RY 

COMPUTER DETERMINES A PREDICT ED CROSS- COVARIANCE MATRIX UTILIZING THE 
FOLLOWING EQUATION: 

ZR'RFZEORT” "EXEHYM-WT 
[Lg FIG. 4 
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£9 /84 
COMPUTER OETERMINES A GAIN MATRIX Lk, UTILIZING THE FOLLOWING EQUATION: 

Lfzimkzizk 
/ 86 

COMPUTER OETERMINES AN ESTIMATED BATTERY STATE VECTOR )AClj', INOIEATIVE OF A STATE OF 
THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE FOLLOWING EQUATION: 

' [38 
COMPUTER DFTERMINES AN ESTIMATED BATTERY STATE VECTOR COVARIENCE MATRIX 2TH, 
AssoclATEn WITH THE ESTIMATED BATTERY STATE VECTOR, UTILIZING THE FOLLOWING EQUATION: 

+ - T 

2H’: Zik 'LkzikLk 
, r9“ 

COMPUTER SELE(TS NEW FIRST AND SE(ONO PREOETERMINEO TIMES 

(5 FIG.5 
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I TOO 
COMPUTER OENERATES A BATTERY INPUT VECTOR uk HAVING AT LEAST ONE MEASURED VALUE OF A BATTERY J 

INPUT VARIABLE OBTAINED ATA FIRST PREDETERMINED TIME 

Y I02 

COMPUTER GENERATES A BATTERY OUTPUT VECTOR yk HAVINO AT LEAST ONE MEASURED VALUE OFA BATTERY J 

OUTPUT VARIABLE OBTAINED AT THE FIRST PREDETERMINED TIME I04 

I 
COMPUTER DETERMINES AN ESTIMATED AUOMENTED BATTERY STATE VECTOR J? , INDICATIVE OE A STATE OF THE 

BATTERY AT AgECOND PREDETERAAINED TIME PRIOR TO THE FIRST PREDETERMINED TIME USING THE EOOATIONZ 

XII-1=T(xk-1)7I(EIWk-1D7S(EIvk-1DTI T 
WHERE, 
“I? [:1 CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR INDICATIVE OE A STATE OF THE BATTERY AT THE 

SECOND PREDETERMINED TIME; 

ETWk. CORRESPONDS TO AN EXPECTED VALUE OE A BATTERY INPUT NOISE VECTOR AT THE 

SECOND PREDETERMINED TIME; 

ETvk_1T CORRESPONDS TO AN EXPECTED VALUE OF A SENSOR NOISE VECTOR AT THE SECOND 

PREDETERMINED TIME; AND 

TIS THE MATRIX/VECTOR TRANSPOSE OPERATION 
I I I06 

COMPUTER DETERMINES AN ESTIMATED AUOMENTED BATTERY STATE VECTOR SQUARE-ROOT COVARIANCE MATRIX I: I j 
ASSOCIATED WITH THE+ESTIMATED AUGMENTED BATTERY STATE VECTOR USING THE EOUATION 

IzDIAGI k-l ’Sw’Sv) 
WHERE, 
S’; k_ l CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR SOUARE ROOT COVARIANCE MATRIX ASSOCIATED WITH THE 

ESTIMATED BATTERY STATE VECTOR AT THE SECOND PREOETERMINED TIME; 

SW CORRESPONDS TO A SQUARE-ROOT COVARIANCE MATRIX ASSOCIATED WITH A BATTERY INPUT NOISE VECTOR; 

Sv CORRESPONDS TO A SQUARE-ROOT COVARIANCE MATRIX ASSOCIATED WITH A SENSOR NOISE VECTOR; AND 
DIAOT T ISA FUNCTION THAT COMPOSES A BLOCK-DIAGONAL MATRIX FROM ITS INPUT AROUMENTS 

[I] H66 
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@ T08 
(OMPUTER OEIERMINES A PLURALITY OF ESTIMATED AUGMENIED BATTERY STATE VEITORS EACH INOIIATIYE 
OF A STATE OF A BATTERY AT THE SEEOND I’REOEIERMINEO TIME USING THE FOLLOWING EQUATION: 

Y (ORRESPONOS TO A CONSTANT VALUE 

Y TTO 

(OMPUTER OETERMINES A PLURALITY OF PREOIITED BATTERY STATE VECTORS _ EAIH INITTIATTVE OF A STATE J 
OF THE BATTERY AT THE FIRST PREOEIERMTNFI) TIME, UTILIZING THE FOLLOWING EQUATION 

Xi’ lTwAATsPnAns To THE T'TTTMEMBER OFTHEPLURALITY Xlf" 
uk_1 CORRESPONUS To A BATTERY INPUT VECTOR AT THE SECOND PREDETERMINED TIME; 

Xijr ,- (ORRESPONDS To AN ESTIMATED BATTERY STATE vTcToA TXTAATTTTT FROM THE T'Th MEMBER OF THE 

PLURALITY X12134’ ; 
Xl’c‘fficokAEsPoAns To AN ESTIMATED BATTERY INPUT NOISE VEGOR EXTRAUED FROM THE T'Ih MEMBER AT THE 
PLURALlTY Xl‘gf; AND ’ 
k-l CORRESPONDSTO TTTTsTcoATT PREDEIERMINED TIME 

I 

IOMPUTER OETERMINESA PLURALTTY OF PREDIITED BATTERY OUTPUT YEITORS Yk EAIH INITIIATIVE OF 
OUTPUTS OF THE BATTERY AT THE FIRST PREITEIERMINED TIME, UTILIZING THE FOLLOWING EQUATION: 

Yk,i =11 (xléiiaukaxliii akI 
WHERE, 
Y . IORRESPONDSTOTHE ilh MEMBER OFTHE PLURALITYY k,1 k 

(ORRESPONDS TO A SINGLE ESTIMATED SENSOR NOISE VEITOR EXTRAITEO FROM THE iTh MEMBER OF THE 

PLURAIITY X? ;AND 
k IORRESPONUS TO THE FIRST PREOETERMINEIT TIME 

[A FIG] 
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Ki] /II4 
COMPUTER DETERMINES A PREDICT ED BATTERY STATE VECTOR XE CORRESPONDING TO THE FIRST 
TIME BY CALCULATING A WEIGHTED AVERAGE OF THE PLURALITY OF PREDICT ED BATTERY STATE 
VECTORS UTILIZING THE FOLLOWING EOUATION 

)“qriioal-(wXg'; 
WHERE, 

a ,WCORRESPONDS m A SET 0E CONSTANT VALUES; AND 
p CORRESPONDS TO THE NUMBER OF MEMBERS IN THE PLURALITY XffHlHus ONE 

COMPUTER OFTERMINES A PREDICT ED BATTERY STATE VECTOR COVARIANCE MATRIX Sik 
UTILIZING THE FOLLOWING EQUATION 

SEAR “ULWVXEHa-m'? )TIIT 
WHEREajk) CORRESPONDS TO A SET OF CONSTANT VALUES. 

qr{} IS A FUNCTION THAT COMPUTES AO-R MATRIX DECOMPOSITION OF ITS INPUT 
ARGUMENT AND RETURNS THE UPPER-TRIANOULAR PORTION OF THE R MATRIX 

‘ [11a 

COMPUTER DEIERMINES A PREDICT ED BATTERY OUTPUT VECTOR ?k INDICATIVE OF OUTPUTS OF 
THE BATTERY AT THE FIRST PREOETERMINED TIME, UTILIZING THE FOLLOWING EQUATION: 

A (m 

yk : 2'10 ai )Yk'i 

W [120 

COMPUTER DETERMINES A PREDICTED BATTERY OUTPUT VECTOR COVARIANCE MATRIX Sik 
UTILIZING THE FOLLOWING EQUATION: 

~ ' A T SHE WW 
I /122 

COMPUTER DETERMINES A PREDICTED CROSS-COVARIANCE MATRIX UTILIZING THE 
FOLLOWING EQUATION: 

E'IFBFZQHQICYXEII ‘Wm-IRE) T 
H; FIG. 8 
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@ [I 24 
COMPUTER DETERMINES A GAIN MATRIX Lk, UTILIZING THE FOLLOWING EQUATION: 

. T -1 

LfZW (Sjk $52k) 
/I 26 

COMPUTER DETERMINES AN ESTIMATED BATTERY STATE VECTOR 521:, INDICATIVE OF A STATE OF 
THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE FOLLOWING EQUATION: 

[I 28 
COMPUTER DEIERMINES AN ESTIMATED BATTERY STATE VECTOR (OVARIENCE MATRIX Sik, 
ASSOCIATED WITH THE ESTIMATED BATTERY STATE VECTOR, UTILIZING THE FOLLOWING EQUATION: 

Sik=DOWNDATE{Si/014(8)“}I 
WHERE DOWNDATE { } (OMPUTES THE MATRIX DOWNDATE OPERATION ON ITS FIRST ARGUMENT 
USING ITS SECOND ARGUMENT 

[13o 
COMPUTER SELECIS NEW FIRST AND SECOND PREDETERMINED TIMES 

(I) FIG. 9 
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SYSTEM, METHOD, AND ARTICLE OF 
MANUFACTURE FOR DETERMINING AN 
ESTIMATED BATTERY STATE VECTOR 

BACKGROUND OF THE INVENTION 

[0001] Batteries are used in a Wide variety of electronic 
and electrical devices. It is desirable to be able to estimate 
the internal state of a battery, including a state-of-charge 
(SOC). The SOC is a value that indicates the present 
available capacity of the battery that may be used to do 
Work. 

[0002] Mathematical algorithms have been utiliZed to 
determine a state of a battery. The inventor herein, hoWever, 
has recognized that the mathematical algorithms have been 
unable to provide a highly accurate estimate of an internal 
state of a battery because they are not suf?ciently optimiZed 
for batteries having non-linear operational characteristics. 
Since batteries generally have non-linear operational char 
acteristics, a more accurate method is needed. 

[0003] Accordingly, the inventor herein has recogniZed a 
need for a system and a method for more accurately deter 
mining an estimated battery state. 

BRIEF DESCRIPTION OF THE INVENTION 

[0004] A method for determining an estimated battery 
state vector indicative of a state of a battery at a ?rst 
predetermined time in accordance With an exemplary 
embodiment is provided. The method includes determining 
a ?rst plurality of estimated augmented battery state vectors 
that are indicative of a state of the battery, a battery input 
noise, a sensor noise, an uncertainty of the state of the 
battery, an uncertainty of the battery input noise, and an 
uncertainty of the sensor noise at a second predetermined 
time prior to the ?rst predetermined time. The method 
further includes determining a second plurality of predicted 
battery state vectors that are indicative of the state of the 
battery and an uncertainty of the state of the battery at the 
?rst predetermined time based on the ?rst plurality of 
estimated augmented battery state vectors. The method 
further includes determining a third plurality of predicted 
battery output vectors that are indicative of at least one 
output variable of the battery and an uncertainty of the 
output variable at the ?rst predetermined time based on the 
?rst plurality of estimated augmented battery state vectors 
and the second plurality of predicted battery state vectors. 
The method further includes determining a ?rst battery 
output vector having at least one measured value of a battery 
output variable. The method further includes determining a 
?rst estimated battery state vector indicative of the state of 
the battery at the ?rst predetermined time based on the 
second plurality of predicted battery state vectors, the third 
plurality of predicted battery output vectors, and the ?rst 
battery output vector. 

[0005] A system for determining an estimated battery state 
vector indicative of a state of a battery at a ?rst predeter 
mined time in accordance With another exemplary embodi 
ment is provided. The system includes a sensor con?gured 
to generate a ?rst signal indicative of an output variable of 
the battery. The system further includes a computer operably 
coupled to the sensor. The computer is con?gured to deter 
mine a ?rst plurality of estimated augmented battery state 
vectors that are indicative of a state of the battery, a battery 
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input noise, a sensor noise, an uncertainty of the state of the 
battery, an uncertainty of the battery input noise, and an 
uncertainty of the sensor noise at a second predetermined 
time prior to the ?rst predetermined time. The computer is 
further con?gured to determine a second plurality of pre 
dicted battery state vectors that are indicative of the state of 
the battery and an uncertainty of the state of the battery at the 
?rst predetermined time based on the ?rst plurality of 
estimated augmented battery state vectors. The computer is 
further con?gured to determine a third plurality of predicted 
battery output vectors that are indicative of an at least one 
output variable of the battery and an uncertainty of the 
output variable at the ?rst predetermined time based on the 
?rst plurality of estimated augmented battery state vectors 
and the second plurality of predicted battery state vectors. 
The computer is further con?gured to determine a ?rst 
battery output vector based on the ?rst signal. The computer 
is further con?gured to determine a ?rst estimated battery 
state vector indicative of the state of the battery at the ?rst 
predetermined time based on the second plurality of pre 
dicted battery state vectors, the third plurality of predicted 
battery output vectors, and the ?rst battery output vector. 

[0006] An article of manufacture in accordance With 
another exemplary embodiment is provided. The article of 
manufacture includes a computer storage medium having a 
computer program encoded therein for determining an esti 
mated battery state vector indicative of a state of a battery at 
a ?rst predetermined time. The computer storage medium 
includes code for determining a ?rst plurality of estimated 
augmented battery state vectors that are indicative of a state 
of the battery, a battery input noise, a sensor noise, an 
uncertainty of the state of the battery, an uncertainty of the 
battery input noise, and an uncertainty of the sensor noise at 
a second predetermined time prior to the ?rst predetermined 
time. The computer storage medium further includes code 
for determining a second plurality of predicted battery state 
vectors that are indicative of the state of the battery and an 
uncertainty of the state of the battery at the ?rst predeter 
mined time based on the ?rst plurality of estimated aug 
mented battery state vectors. The computer storage medium 
further includes code for determining a third plurality of 
predicted battery output vectors that are indicative of at least 
one output variable of the battery and of an uncertainty of 
the output variable at the ?rst predetermined time based on 
the ?rst plurality of estimated augmented battery state 
vectors and the second plurality of predicted battery state 
vectors. The computer storage medium further includes code 
for determining a ?rst battery output vector having at least 
one measured value of a battery output variable. The com 
puter storage medium further includes code for determining 
a ?rst estimated battery state vector indicative of the state of 
the battery at the ?rst predetermined time based on the 
second plurality of predicted battery state vectors, the third 
plurality of predicted battery output vectors, and the ?rst 
battery output vector. 

[0007] Other systems and/or methods according to the 
embodiments Will become or are apparent to one With skill 
in the art upon revieW of the folloWing draWings and detailed 
description. It is intended that all such additional systems 
and methods be Within the scope of the present invention, 
and be protected by the accompanying claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is a schematic of a system for determining 
an estimated battery state vector in accordance With an 
exemplary embodiment; 

[0009] FIGS. 2-5 are ?oWcharts of a method for deter 
mining an estimated battery state vector in accordance With 
another exemplary embodiment; and 

[0010] FIGS. 6-9 are ?oWcharts of a method for deter 
mining an estimated battery state vector in accordance With 
another exemplary embodiment. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0011] Referring to FIG. 1, a system 10 for estimating a 
state vector associated With a battery 12 is illustrated. The 
battery 12 includes at least a battery cell 14. Of course, the 
battery 12 can include a plurality of additional battery cells. 
Each battery cell can be either a rechargeable battery cell or 
a non-rechargeable battery cell. Further, each battery cell 
can be constructed using an anode and a cathode having 
electro-chemical con?gurations knoWn to those skilled in 
the art. An input variable is de?ned as a value of a battery 
input signal at a speci?c time. For example, an input variable 
can comprise one of a current entering the battery and a 
temperature of the battery. An output variable is de?ned as 
a value of a battery output signal at a speci?c time. For 
example, an output variable can comprise one of a battery 
output voltage and a battery pressure. 

[0012] The system 10 includes one or more voltage sen 
sors 20, a load circuit 26, and a computational unit such as 
a computer 28, and may also include one or more of a 
temperature sensor 22, and a current sensor 24. 

[0013] The voltage sensor 20 is provided to generate a ?rst 
output signal indicative of the voltage produced by one or 
more of the battery cells of the battery 12. The voltage 
sensor 20 is electrically coupled betWeen the I/O interface 
46 of the computer 28 and the battery 12. The voltage sensor 
20 transfers the ?rst output signal to the computer 28. For 
clarity of presentation, a single voltage sensor Will be 
described herein. HoWever, it should be noted that in an 
alternate embodiment of system 10 a plurality of voltage 
sensors (e.g., one voltage sensor per battery cell) are utiliZed 
in system 10. 

[0014] The temperature sensor 22 is provided to generate 
a second output signal indicative of one or more tempera 
tures of the battery 12. The temperature sensor 22 is dis 
posed proximate the battery 12 and is electrically coupled to 
the I/O interface 46 of the computer 28. The temperature 
sensor 22 transfers the second output signal to the computer 
28. For clarity of presentation, a single temperature sensor 
Will be described herein. HoWever, it should be noted that in 
an alternate embodiment of system 10 a plurality of tem 
perature sensors (e.g., one temperature sensor per battery 
cell) are utiliZed in system 10. 

[0015] The current sensor 24 is provided to generate a 
third output signal indicative of a current sourced or sunk by 
the battery cells of the battery 12. The current sensor 24 is 
electrically coupled betWeen the battery 12 and the load 
circuit 26. The current sensor 24 is further electrically 
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coupled to the I/O interface 46 of the computer 28. The 
current sensor 24 transfers the third output signal to the 
computer 28. 

[0016] The load circuit 26 is electrically coupled to the 
current sensor 24 and sinks or sources a current from the 

battery 12. The load circuit 26 comprises any electrical 
device that can be electrically coupled to the battery 12. 

[0017] The computer 28 is provided for determining an 
estimated battery state vector associated With the battery 12, 
as Will be explained in greater detail beloW. The computer 28 
includes a central processing unit (CPU) 40, a read-only 
memory (ROM) 44, a volatile memory such as a random 
access memory (RAM) 45 and an input/output (I/O) inter 
face 46. The CPU 40 operably communicates With the ROM 
44, the RAM 45, and the I/O interface 46. The CPU 40 
includes a clock 42. The computer readable media including 
ROM 44 and RAM 46 may be implemented using any of a 
number of knoWn memory devices such as PROMs, 
EPROMs, EEPROMS, ?ash memory or any other electric, 
magnetic, optical or combination memory device capable of 
storing data, some of Which represent executable instruc 
tions used by the CPU 40. 

[0018] For purposes of understanding, the notation uti 
liZed in the equations of the folloWing methods Will be 
described. The circum?ex symbol indicates an estimated or 
predicted quantity (e.g., x indicates an estimate of the true 
quantity x). The superscript symbo “—” indicates an a priori 
estimate (i.e., a prediction of a quantity’s present value 
based on past data). The superscript symbol “+” indicates an 
a posteriori estimate (e.g., >2; is the estimate of true quantity 
x at time index k based on all measurements taken up to and 
including time k). The tilde symbol indicates the error of an 
estimated quantity (e.g., xk_=xk—xk_ and xk+=xk—xk+). The 
symbol ZXy=E[xyT] indicates the correlation or cross corre 
lation of the variables in its subscript (the quantities 
described herein are Zero-mean, so the correlations are 

identical to covariances). The symbol EX indicates the same 
quantity as XXX. The superscript “T” is a matrix/vector 
transpose operator. 

[0019] Before providing a detailed discussion of the meth 
odologies for determining a state associated With the battery 
12, a general overvieW Will be provided. The state vector 
may include, for example, a state of charge (SOC) value 
associated With the battery 12, a hysteresis voltage, or a 
polariZation voltage. The SOC value is a value from 0-100 
percent, that indicates a present available capacity of the 
battery 12 that may be used to do Work. 

[0020] A mathematical model of battery cell behavior is 
used in the method to compute an estimate of the state vector 
of the battery 12. It is assumed that a mathematical model of 
the battery cell dynamics is knoWn, and may be expressed 
using a discrete-time state-space model comprising a state 
equation and an output equation, as Will be described beloW. 

[0021] The state equation utiliZed to determine the state 
vector associated With the battery 12 is as folloWs: 

[0022] xk is the state vector associated With the battery 12 
at time index k; 
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[0023] uk is a variable representing a known/deterministic 
input to the battery 12; 

0024 W is a batte in ut noise vector that models some k W P 
unmeasured input Which affects the state of the system; 
and 

[0025] f(Xk_l,11k_l,Wk_l,l(—l) is a state transition function. 

[0026] An output vector associated With the battery 12 is 
determined utilizing the following equation: 

Wherein, 

[0027] h(xk,uk,vk,k) is a measurement function; and 

[0028] vk is sensor noise that affects the measurement of 
the output of battery 12 in a memory-less mode, but does 
not affect the state vector of battery 12. 

[0029] Referring to FIGS. 2-5, a method for determining 
an estimated battery state vector indicative of a state of the 
battery 12 in accordance With an exemplary embodiment 
Will noW be explained. The method can be implemented 
utiliZing softWare algorithms executed by the controller 28. 
The softWare algorithms are stored in either the ROM 44 or 
the RAM 45. 

[0030] At step 60, the computer 28 generates a battery 
input vector uk having at least one measured value of a 
battery input variable obtained at a ?rst predetermined time. 

[0031] Next at step 62, the computer 28 generates a battery 
output vector yk having at least one measured value of a 
battery output variable obtained at the ?rst predetermined 
time. 

[0032] Next at step 64, the computer 28 determines an 
estimated augmented battery state vector ikj’: indicative 
of a state of the battery at a second predetermined time prior 
to the ?rst predetermined time using the equation: xk_la’+=[( 
72k-l+)Ts(E[Wk-l])Ts(E[Vk-l])T]T 
Where, 

0033 x _ ’' corres onds to an estimated batte state k 1 P W 
vector indicative of a state of the battery at the second 
predetermined time; 

[0034] E[Wk_l] corresponds to an expected value of a 
battery input noise vector at the second predetermined 
time; 

[0035] E[vk_l] corresponds to an expected value of a 
sensor noise vector at the second predetermined time; and 

[0036] T is the matrix/vector transpose operation. 

[0037] Next at step 66, the computer 28 determines an 
estimated augmented battery state vector covariance matrix 
Zi,k_1a’+ associated With the estimated augmented battery 
state vector using the equation: Zi,k_1a’+=diag@i,k_l+,ZW,ZV) 

Where, 

[0038] Zi,k_1+ corresponds to an estimated battery state 
vector covariance matrix associated With the estimated 
battery state vector at the second predetermined time; 

[0039] 2W corresponds to a covariance matrix associated 
With a battery input noise vector; 
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[0040] 2,, corresponds to a covariance matrix associated 
With a sensor noise vector; and 

[0041] diag( ) is a function that composes a block-diagonal 
matrix from its input arguments. 

[0042] Next at step 68, the computer 28 determines a 
plurality of estimated augmented battery state vectors 
Xk_la’+ each indicative of a state of a battery at the second 
predetermined time using the folloWing equation: 

Where, 

[0043] 2X34” corresponds to the Cholesky matrix square 
root of Zi,k_1a’+; and 

[0044] y corresponds to a constant value. 

[0045] Next at step 70, the computer 28 determines a 
plurality of predicted battery state vectors Xkxr each indica 
tive of a state of the battery at the ?rst predetermined time, 
utiliZing the folloWing equation: Xk i"’_=fQ(k_l ix’+,uk_ 1, 
Xk-l iW,+sk_1) 
Where 

[0046] Xkf“ corresponds to the ith member of the plu 
rality X1?’ 

[0047] uk_l corresponds to a battery input vector at the 
second predetermined time; 

0048 X _ -X’+ corres onds to an estimated batte state k 1,1 p ry 
vector extracted from the ith member of the plurality 

Xk—la,+; 
[0049] XIPUW’+ corresponds to an estimated battery input 

noise vector, extracted from the ith member of the plu 
rality Xk_la’+; and 

[0050] k-l corresponds to the second predetermined time. 

[0051] Next at step 72, a computer 28 determines a 
plurality of predicted battery output vectors Yk each indica 
tive of outputs of the battery at the ?rst predetermined time, 
utiliZing the folloWing equation: Yk,i=h(Xk,ix’_,uk,Xk_11”’, 
k) 
Where, 

[0052 
Yk; 

Yk,i corresponds to the ith member of the plurality 

[0053] X1911’+ corresponds to a single estimated sensor 
noise vector extracted from the ith member of the plural 
ity Xk_la’+; and 

[0054] k corresponds to the ?rst predetermined time. 

[0055] Next at step 74, the computer 28 determines a 
predicted battery state vector >21; corresponding to the ?rst 
time by calculating a Weighted average of the plurality of 
predicted battery state vectors Xkx“, utiliZing the folloWing 
equation: xk_=Zi=Op(xi(m)Xk,iX’_ 
Where, 

[0056] aim“) corresponds to a set of constant values; and 

[0057] p corresponds to the number of members in the 
plurality Xkx“, minus one. 
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[0058] Next at step 76, the computer 28 determines a 
predicted battery state vector covariance matrix 2%‘, uti 
liZing the following equation: 

2x,kT=2i:OPai(c)(Xk,ixr_iki)(Xk,ixr_iki)T 
Where, (xi(°) corresponds to a set of constant values. 

[0059] Next at step 78, the computer 28 determines a 
predicted battery output vector 9k indicative of outputs of the 
battery at the ?rst predetermined time, utilizing the folloW 
ing equation: 

[0060] Next at step 80, the computer 28 determines a 
predicted battery output vector covariance matrix 2%, uti 
liZing the following equation: 

[0061] Next at step 82, the computer 28 determines a 
predicted cross-covariance matrix 2 _ utiliZing the fol 
loWing equation: 

ziq?ki=zeopai®)(XkiXT_;(kT)(Yk,i_9k)1- 
[0062] Next at step 84, the computer 28 determines a gain 
matrix Lk, utiliZing the folloWing equation: Lk=Zi9,k_Z9,k_l. 

[0063] Next at step 86, the computer 28 determines an 
estimated battery state vector >213, indicative of a state of the 
battery at the ?rst predetermined time, utiliZing the folloW 
ing equation: 

72k+=72kT+Lk[yk_§/k] 

[0064] Next at step 88, the computer 28 determines an 
estimated battery state vector covariance matrix 2,13", asso 
ciated With the estimated battery state vector, utiliZing the 
folloWing equation: 

Ex,k+=Ei<,kT_LkE§,kLk1- 
[0065] Next at step 90, the computer 28 selects neW ?rst 
and second predetermined times. After step 90, the method 
returns to step 60. 

[0066] Referring to FIGS. 6-9, a method for determining 
an estimated battery state vector indicative of a state of the 
battery 12 in accordance With another exemplary embodi 
ment Will noW be explained. The method can be imple 
mented utiliZing softWare algorithms executed by the con 
troller 28. The softWare algorithms are stored in either the 
ROM 44 or the RAM 45. 

[0067] At step 100, the computer 28 generates a battery 
input vector uk having at least one measured value of a 
battery input variable obtained at a ?rst predetermined time. 

[0068] Next at step 102, the computer 28 generates a 
battery output vector yk having at least one measured value 
of a battery output variable obtained at the ?rst predeter 
mined time. 

[0069] Next at step 104, computer 28 determines an esti 
mated augmented battery state vector ikj’: indicative of a 
state of the battery 12 at a second predetermined time prior 
to the ?rst predetermined time using the equation: 

May 10, 2007 

Where, 
x_ corres on s 0 an esimae a e sae 0070 kl* pdt r tdbttrytt 

vector indicative of a state of the battery at the second 
predetermined time; 

[0071] E[Wk_l] corresponds to an expected value of a 
battery input noise vector at the second predetermined 
time; 

[0072] E[vk_l] corresponds to an expected value of a 
sensor noise vector at the second predetermined time; and 

[0073] T is the matrix/vector transpose operation. 

[0074] Next at step 106, the computer 28 determines an 
estimated augmented battery state vector square-root cova 
riance matrix Si,k_la’+ associated With the estimated aug 
mented battery state vector using the equation: 

[0075] Si,k_1+ corresponds to an estimated battery state 
vector square-root covariance matrix associated With the 
estimated battery state vector at the second predetermined 
time; 

[0076] SW corresponds to a square-root covariance matrix 
associated With a battery input noise vector; 

[0077] Sv corresponds to a square-root covariance matrix 
associated With a sensor noise vector; and 

[0078] diag( ) is a function that composes a block-diagonal 
matrix from its input arguments. 

[0079] Next at step 108, the computer 28 determines a 
plurality of estimated augmented battery state vectors 
Xk_la’+ each indicative of a state of a battery at the second 
predetermined time using the folloWing equation: 

Xkilai+={ikilai+1ikilai++ysxkilai+xikilai+_ysx,kilai+} 
Where, y corresponds to a constant value. 

[0080] Next at step 110, the computer 28 determines a 
plurality of predicted battery state vectors Xkxr each indica 
tive of a state of the battery at the ?rst predetermined time, 
utiliZing the folloWing equation: 

Where 

[0081] Xkf“ corresponds to the ith member of the plu 
rality Xkx“ 

[0082] uk_l corresponds to a battery input vector at the 
second predetermined time; 

0083 X _ -"’+ corres onds to an estimated batte state k 1,1 p ry 
vector extracted from the ith member of the plurality 

Xk_la,+; 
[0084] XIPUW’+ corresponds to an estimated battery input 

noise vector, extracted from the ith member of the plu 
rality Xk_la’+; and 

[0085] k-l corresponds to the second time. 

[0086] Next at step 112, the computer 28 determines a 
plurality of predicted battery output vectors Yk each indica 
tive of outputs of the battery 12 at the ?rst predetermined 
time, utiliZing the folloWing equation: 
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Where, 

[0087] Yk,i corresponds to the ith member of the plurality 
Yk; 

[0088] X1911’+ corresponds to a single estimated sensor 
noise vector extracted from the ith member of the plural 
ity Xk_la’+; and 

[0089] k corresponds to the ?rst predetermined time. 

[0090] Next at step 114, the computer 28 determines a 
predicted battery state vector >21; corresponding to the ?rst 
time by calculating a Weighted average of the plurality of 
predicted battery state vectors XkX“, utiliZing the folloWing 
equation: 

72kT=2i:OPai(m)Xk,iX7T 
Where, 

[0091] aim“) corresponds to a set of constant values; and 

0092 corres onds to the number of members in the P P 
plurality XkX“, minus one. 

[0093] Next at step 116, the computer 28 determines a 
predicted battery state vector square-root covariance matrix 
Sig, utiliZing the folloWing equation: 

Where, 

[0094] cg“) corresponds to a set of constant values. 

[0095] qr{} is a function that computes a Q-R matrix 
decomposition of its input argument and returns the 
upper-triangular portion of the R matrix. 

[0096] Next at step 118, computer 28 determines a pre 
dicted battery output vector 9k indicative of outputs of the 
battery at the ?rst predetermined time, utiliZing the folloW 
ing equation: 

k=2i=Opai(m)Yk,i' 
[0097] Next at step 120, the computer 28 determines a 
predicted battery output vector square-root covariance 
matrix S94‘, utiliZing the folloWing equation: 

predicted cross-covariance matrix 2 utiliZing the fol 
loWing equation: 

2>E>E,kT=2i:OPai(c)(XkiXT_ikT)(Yk,i_§/k)1- 
[0099] Next at step 124, the computer 28 determines a 
gain matrix Lk, utiliZing the folloWing equation: 

Lk=E>R§USikTS§JJ 
[0100] Next at step 126, the computer 28 determines an 
estimated battery state vector >213, indicative of a state of the 
battery at the ?rst predetermined time, utiliZing the folloW 
ing equation: 

72k+=72kT+Lk[yk_§/k] 

[0101] Next at step 128, the computer 28 determines an 
estimated battery state vector square-root covariance matrix 
Sig’, associated With the estimated battery state vector, 
utiliZing the folloWing equation: Si,k+=doWndate {S,~(,k_,LkS 
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y,k}, Where doWndate{} computes the matrix doWndate 
operation on its ?rst argument using its second argument. 

[0102] Next at step 130, the computer 28 selects neW ?rst 
and second predetermined times. After step 130, the method 
advances to step 100. 

[0103] The system, method, and article of manufacture for 
determining an estimated battery state vector indicative of 
the state of a battery provide a substantial advantage over 
other systems and methods. In particular, the system, 
method, and article of manufacture provide a technical e?fect 
of more accurately determining the estimated battery state 
vector for a battery having non-linear operational charac 
teristics. 

[0104] The above-described methods can be embodied in 
the form of computer program code containing instructions 
embodied in tangible media, such as ?oppy diskettes, CD 
ROMs, hard drives, or any other computer-readable storage 
medium, Wherein, When the computer program code is 
loaded into and executed by a computer, the computer 
becomes an apparatus for practicing the invention. The 
above-described methods can also be embodied in the form 
of computer program code, for example, Whether stored in 
a storage medium, loaded into and/or executed by a com 
puter, or transmitted over some transmission medium, 
loaded into and/or executed by a computer, or transmitted 
over some transmission medium, such as over electrical 
Wiring or cabling, through ?ber optics, or via electromag 
netic radiation, Wherein, When the computer program code is 
loaded into an executed by a computer, the computer 
becomes an apparatus for practicing the methods. When 
implemented on a general-purpose microprocessor, the com 
puter program code segments con?gure the microprocessor 
to create speci?c logic circuits. 

[0105] While the invention is described With reference to 
the exemplary embodiments, it Will be understood by those 
skilled in the art that various changes may be made and 
equivalent elements e may be substituted for elements 
thereof Without departing from the scope of the invention. In 
addition, many modi?cations may be made to the teachings 
of the invention to adapt to a particular situation Without 
departing from the scope thereof. Therefore, is intended that 
the invention not be limited the embodiment disclosed for 
carrying out this invention, but that the invention includes all 
embodiments falling With the scope of the intended claims. 
Moreover, the use of the term’s ?rst, second, etc. does not 
denote any order of importance, but rather the term’s ?rst, 
second, etc. are used to distinguish one element from 
another. 

What is claimed is: 
1. A method for determining an estimated battery state 

vector indicative of a state of a battery at a ?rst predeter 
mined time, the method comprising: 

determining a ?rst plurality of estimated augmented bat 
tery state vectors that are indicative of a state of the 
battery, a battery input noise, a sensor noise, an uncer 
tainty of the state of the battery, an uncertainty of the 
battery input noise, and an uncertainty of the sensor 
noise at a second predetermined time prior to the ?rst 
predetermined time; 

determining a second plurality of predicted battery state 
vectors that are indicative of the state of the battery and 
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an uncertainty of the state of the battery at the ?rst 
predetermined time based on the ?rst plurality of 
estimated augmented battery state vectors; 

determining a third plurality of predicted battery output 
vectors that are indicative of at least one output variable 
of the battery and an uncertainty of the output variable 
at the ?rst predetermined time based on the ?rst plu 
rality of estimated augmented battery state vectors and 
the second plurality of predicted battery state vectors; 

determining a ?rst battery output vector having at least 
one measured value of a battery output variable; and 

determining a ?rst estimated battery state vector indica 
tive of the state of the battery at the ?rst predetermined 
time based on the second plurality of predicted battery 
state vectors, the third plurality of predicted battery 
output vectors, and the ?rst battery output vector. 

2. The method of claim 1, Wherein determining the ?rst 
plurality of estimated augmented battery state vectors com 
prises: 

retrieving an estimated battery state vector indicative of 
the state of the battery at the second predetermined time 
from a memory; 

determining a ?rst estimated augmented battery state 
vector indicative of the state of the battery, the battery 
input noise, and the sensor noise at the second prede 
termined time, based on the estimated battery state 
vector, an expected battery input noise vector, and an 
expected sensor noise vector; 

retrieving an estimated battery state vector covariance 
matrix indicative of an uncertainty of the state of the 
battery at the second predetermined time from the 
memory; 

determining a ?rst estimated augmented battery state 
vector covariance matrix indicative based on the esti 
mated battery state vector covariance matrix, a cova 
riance matrix indicative of an uncertainty of the battery 
input noise and a covariance matrix indicative of an 
uncertainty of the sensor noise; and 

determining the ?rst plurality of estimated augmented 
battery state vectors based on the ?rst estimated aug 
mented battery state vector and the ?rst estimated 
augmented battery state vector covariance matrix. 

3. The method of claim 2, Wherein determining the ?rst 
plurality of estimated augmented battery state vectors com 
prises: 

setting one member of the ?rst plurality of estimated 
augmented battery state vectors equal to the ?rst esti 
mated augmented battery state vector; 

setting a ?rst additional set of L members of the ?rst 
plurality of estimated augmented battery state vectors 
equal to the ?rst estimated augmented battery state 
vector added to a constant value multiplied by respec 
tive columns extracted from a matrix square-root of the 
?rst estimated augmented battery state vector covari 
ance matrix, Where L is the length of the ?rst estimated 
augmented battery state vector; and 

setting a second additional set of L members of the ?rst 
plurality of estimated augmented battery state vectors 
equal to the constant value multiplied by respective 
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columns extracted from the matrix square-root of the 
?rst estimated augmented battery state vector covari 
ance matrix subtracted from the ?rst estimated aug 
mented battery state vector. 

4. The method of claim 1, Wherein determining the ?rst 
plurality of estimated augmented battery state vectors com 
prises: 

retrieving an estimated battery state vector indicative of 
the state of the battery at the second predetermined time 
from a memory; 

determining a ?rst estimated augmented battery state 
vector indicative of the state of the battery, the battery 
input noise, and the sensor noise at the second prede 
termined time based on the estimated battery state 
vector, an expected battery input noise vector, and an 
expected sensor noise vector; 

retrieving an estimated battery state vector square-root 
covariance matrix indicative of an uncertainty of the 
state of the battery at the second predetermined time 
from the memory; 

determining a ?rst estimated augmented battery state 
vector square-root covariance matrix indicative of an 
uncertainty of the state of the battery, the battery input 
noise, and the sensor noise, based on the estimated 
battery state vector square-root covariance matrix, a 
covariance matrix indicative of an uncertainty of the 
battery input noise and a covariance matrix indicative 
of an uncertainty of the sensor noise; and 

determining the ?rst plurality of estimated augmented 
battery state vectors based on the ?rst estimated aug 
mented battery state vector and the ?rst estimated 
augmented battery state vector square-root covariance 
matrix. 

5. The method of claim 4, Wherein determining the ?rst 
plurality of estimated augmented battery state vectors com 
prises: 

setting one member of the ?rst plurality of estimated 
augmented battery state vectors equal to the ?rst esti 
mated augmented battery state vector; 

setting a ?rst additional set of L members of the ?rst 
plurality of estimated augmented battery state vectors 
equal to the ?rst estimated augmented battery state 
vector added to a constant value multiplied by respec 
tive columns extracted from the estimated augmented 
battery state vector square-root covariance matrix, 
Where L is the length of the estimated augmented 
battery state vector; and 

setting a second additional set of L members of the ?rst 
plurality of estimated augmented battery state vectors 
equal to the constant value multiplied by respective 
columns extracted from the ?rst estimated augmented 
battery state vector square-root covariance matrix sub 
tracted from the ?rst estimated augmented battery state 
vector. 

6. The method of claim 1, Wherein determining the second 
plurality of predicted battery state vectors comprises: 

extracting values indicative of the state of the battery and 
of an uncertainty of the state of the battery at the second 
predetermined time from the ?rst plurality of estimated 
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augmented battery state vectors, to obtain a fourth 
plurality of estimated battery state vectors; 

extracting values indicative of the battery input noise and 
an uncertainty of the battery input noise at the second 
predetermined time from the ?rst plurality of estimated 
augmented battery state vectors, to obtain a ?fth plu 
rality of estimated battery input noise vectors; 

generating the ?rst battery input vector having at least one 
measured value of a battery input variable at the second 
predetermined time; and 

determining the second plurality of predicted battery state 
vectors based on the fourth plurality of predicted bat 
tery state vectors, the ?fth plurality of predicted battery 
input noise vectors, and the ?rst battery input vector. 

7. The method of claim 1, Wherein determining the third 
plurality of predicted battery output vectors comprises: 

extracting values indicative of the sensor noise and of an 
uncertainty of the sensor noise at the second predeter 
mined time from the ?rst plurality of estimated aug 
mented battery state vectors, to obtain a fourth plurality 
of estimated sensor noise vectors; 

generating the ?rst battery input vector having at least one 
measured value of a battery input variable at the ?rst 
predetermined time; and 

determining the third plurality of predicted battery output 
vectors based on the second plurality of predicted 
battery state vectors, the ?rst battery input vector, the 
fourth plurality of estimated sensor noise vectors. 

8. The method of claim 1, Wherein determining the ?rst 
estimated battery state vector comprises: 

determining a ?rst predicted battery state vector indicative 
of the state of the battery at the ?rst predetermined time 
based on the second plurality of predicted battery state 
vectors; 

determining a ?rst predicted battery output vector indica 
tive of at least one output variable of the battery at the 
?rst predetermined time based on the third plurality of 
predicted output vectors; 

determining a gain matrix based on the ?rst predicted 
battery state vector, the ?rst predicted battery output 
vector, the second plurality of predicted battery state 
vectors, and the third plurality of predicted battery 
output vectors; and 

calculating the ?rst estimated battery state vector based on 
the ?rst predicted battery state vector, the ?rst predicted 
battery output vector, the gain matrix, and the ?rst 
battery output vector. 

9. The method of claim 8, Wherein determining the ?rst 
predicted battery state vector comprises calculating a 
Weighted average of the second plurality of predicted battery 
state vectors. 

10. The method of claim 8, Wherein determining the ?rst 
predicted battery output vector comprises calculating a 
Weighted average of the third plurality of predicted battery 
output vectors. 

11. The method of claim 8, Wherein determining the gain 
matrix comprises: 
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determining a ?rst predicted battery output vector cova 
riance matrix based on the ?rst predicted battery output 
vector and the third plurality of predicted battery output 
vectors; 

determining a ?rst predicted cross-covariance matrix 
betWeen a battery output vector and a battery state 
vector based on the ?rst predicted battery output vector, 
the third plurality of predicted battery output vectors, 
the ?rst predicted battery state vector, and the second 
plurality of predicted battery state vectors; and 

calculating the gain matrix based on the ?rst predicted 
cross-covariance matrix and the ?rst predicted battery 
output vector covariance matrix. 

12. The method of claim 11, Wherein determining the ?rst 
predicted battery output vector covariance matrix com 
prises: 

determining a ?rst predicted battery output vector square 
root covariance matrix based on the ?rst predicted 
battery output vector and the third plurality of predicted 
battery output vectors; and 

calculating the ?rst predicted battery output vector cova 
riance matrix based on the ?rst predicted battery output 
vector square-root covariance matrix and the ?rst pre 
dicted battery output vector square-root covariance 
matrix. 

13. The method of claim 8, Wherein calculating the ?rst 
estimated battery state vector comprises: 

determining an innovation vector based on the ?rst battery 
output vector and the ?rst predicted battery output 
vector; 

determining an update vector based on the gain matrix 
and the innovation vector; and 

calculating the ?rst estimated battery state vector based on 
the predicted battery state vector and the update vector. 

14. The method of claim 8, further comprising determin 
ing an estimated battery state vector covariance matrix at the 
?rst predetermined time based on the ?rst predicted battery 
state vector, the second plurality of predicted battery state 
vectors, the gain matrix, and the ?rst predicted battery 
output vector covariance matrix. 

15. The method of claim 8, further comprising determin 
ing an estimated battery state vector square-root covariance 
matrix at the ?rst predetermined time based on the ?rst 
predicted battery state vector, the second plurality of pre 
dicted battery state vectors, the gain matrix, and a predicted 
battery output vector square-root covariance matrix. 

16. A system for determining an estimated battery state 
vector indicative of a state of a battery at a ?rst predeter 
mined time, the system comprising: 

a sensor con?gured to generate a ?rst signal indicative of 
an output variable of the battery; and 

a computer operably coupled to the sensor, the computer 
con?gured to determine a ?rst plurality of estimated 
augmented battery state vectors that are indicative of a 
state of the battery, a battery input noise, a sensor noise, 
an uncertainty of the state of the battery, an uncertainty 
of the battery input noise, and an uncertainty of the 
sensor noise at a second predetermined time prior to the 
?rst predetermined time, the computer further con?g 
ured to determine a second plurality of predicted bat 
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tery state vectors that are indicative of the state of the 
battery and an uncertainty of the state of the battery at 
the ?rst predetermined time based on the ?rst plurality 
of estimated augmented battery state vectors, the com 
puter further con?gured to determine a third plurality of 
predicted battery output vectors that are indicative of an 
at least one output variable of the battery and an 
uncertainty of the output variable at the ?rst predeter 
mined time based on the ?rst plurality of estimated 
augmented battery state vectors and the second plural 
ity of predicted battery state vectors, the computer 
further con?gured to determine a ?rst battery output 
vector based on the ?rst signal, the computer further 
con?gured to determine a ?rst estimated battery state 
vector indicative of the state of the battery at the ?rst 
predetermined time based on the second plurality of 
predicted battery state vectors, the third plurality of 
predicted battery output vectors, and the ?rst battery 
output vector. 

17. The system of claim 16, Wherein the computer is 
further con?gured to retrieve an estimated battery state 
vector indicative of the state of the battery at the second 
predetermined time from a memory, the computer further 
con?gured to determine a ?rst estimated augmented battery 
state vector indicative of the state of the battery, the battery 
input noise and the sensor noise at the second predetermined 
time, based on the estimated battery state vector, an expected 
battery input noise vector, and an expected sensor noise 
vector, the computer further con?gured to retrieve an esti 
mated battery state vector covariance matrix indicative of an 
uncertainty of the state of the battery at the second prede 
termined time from the memory, the computer further con 
?gured to determine a ?rst estimated augmented battery 
state vector covariance matrix indicative of an uncertainty of 
the state of the battery, the battery input noise, and the sensor 
noise, based on the estimated battery state vector covariance 
matrix, a covariance matrix indicative of an uncertainty of 
the battery input noise and a covariance matrix indicative of 
an uncertainty of the sensor noise, the computer further 
con?gured to determine the ?rst plurality of estimated 
augmented battery state vectors based on the ?rst estimated 
augmented battery state vector and the ?rst estimated aug 
mented battery state vector covariance matrix. 

18. The system of claim 16, Wherein the computer is 
further con?gured to determine a ?rst predicted battery state 
vector indicative of the state of the battery at the ?rst 
predetermined time based on the second plurality of pre 
dicted battery state vectors, the computer further con?gured 
to determine a ?rst predicted battery output vector indicative 
of at least one output variable of the battery at the ?rst 
predetermined time based on the third plurality of predicted 
output vectors, the computer further con?gured to determine 
a gain matrix based on the ?rst predicted battery state vector, 
the ?rst predicted battery output vector, the second plurality 
of predicted battery state vectors, and the third plurality of 
predicted battery output vectors, the computer further con 
?gured to calculate the ?rst estimated battery state vector 
based on the ?rst predicted battery state vector, the ?rst 
predicted battery output vector, the gain matrix, and the ?rst 
battery output vector. 
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19. An article of manufacture, comprising: 

a computer storage medium having a computer program 
encoded therein for determining an estimated battery 
state vector indicative of a state of a battery at a ?rst 
predetermined time, the computer storage medium 
comprising: 

code for determining a ?rst plurality of estimated aug 
mented battery state vectors that are indicative of a 
state of the battery, a battery input noise, a sensor noise, 
an uncertainty of the state of the battery, an uncertainty 
of the battery input noise, and an uncertainty of the 
sensor noise at a second predetermined time prior to the 
?rst predetermined time; 

code for determining a second plurality of predicted 
battery state vectors that are indicative of the state of 
the battery and an uncertainty of the state of the battery 
at the ?rst predetermined time based on the ?rst plu 
rality of estimated augmented battery state vectors; 

code for determining a third plurality of predicted battery 
output vectors that are indicative of at least one output 
variable of the battery and of an uncertainty of the 
output variable at the ?rst predetermined time based on 
the ?rst plurality of estimated augmented battery state 
vectors and the second plurality of predicted battery 
state vectors; 

code for determining a ?rst battery output vector having 
at least one measured value of a battery output variable; 
and 

code for determining a ?rst estimated battery state vector 
indicative of the state of the battery at the ?rst prede 
termined time based on the second plurality of pre 
dicted battery state vectors, the third plurality of pre 
dicted battery output vectors, and the ?rst battery 
output vector. 

20. The article of manufacture of claim 19, Wherein the 
code for determining the ?rst estimated battery state vector 
comprises: 

code for determining a ?rst predicted battery state vector 
indicative of the state of the battery at the ?rst prede 
termined time based on the second plurality of pre 
dicted battery state vectors; 

code for determining a ?rst predicted battery output 
vector indicative of at least one output variable of the 
battery at the ?rst predetermined time based on the 
third plurality of predicted output vectors; 

code for determining a gain matrix based on the ?rst 
predicted battery state vector, the ?rst predicted battery 
output vector, the second plurality of predicted battery 
state vectors, and the third plurality of predicted battery 
output vectors; and 

code for calculating the ?rst estimated battery state vector 
based on the ?rst predicted battery state vector, the ?rst 
predicted battery output vector, the gain matrix, and the 
?rst battery output vector. 

* * * * * 


